Introduction
The leucine-rich repeat kinase 2 (LRRK2) gene encodes a complex ROCO protein encompassing several protein interaction motifs and a catalytic core region featuring two enzymatically active domains, i.e. a Ras of complex proteins (ROC) GTPase domain and a kinase domain, linked by the C-terminal of ROC (COR) domain ( fig. 1 ).
To gain insight into the causal relation between LRRK2 mutations and Parkinson's disease (PD), it is crucial to know the answer to the following two questions: first, what is the normal function of LRRK2 in the brain? Second, how is this function altered by pathogenic LRRK2 mutations? The answer to the latter question is confounded by the large number of mutations in different domains 2 of the protein, the considerable neuropathological heterogeneity of LRRK2 patients and the incomplete penetrance in LRRK2 mutation carriers. Therefore, a third question may be added: how are LRRK2 mutational effects influenced by secondary factors, such as environmental and genetic factors? To find the answers to these three questions, three major routes have been explored: first, overexpression and knockdown of LRRK2 in cell culture systems; second, the search for cellular pathways in which LRRK2 is involved mainly via the identification of LRRK2 substrates and interacting partners, and third, the development of LRRK2 animal models. These three approaches will be further discussed in detail in this review, with a focus on signalling processes and cascades potentially involving LRRK2.
Overexpression and Knockdown of LRRK2 in Cell Culture Systems
To date, several research groups have assessed the effects of knockdown of LRRK2 or overexpression of both wild-type (wt) and mutant forms in cell culture systems. These experiments have yielded important clues to the potential involvement of LRRK2 in specific cellular processes.
Cell Viability
A graphical overview of published effects of LRRK2 overexpression on cell viability in cultured cells and neurons is given in figure 2 . In most cases, overexpression of wt LRRK2 causes a (mild) reduction in cell/neuron viability ranging from 10 up to 40%. In all reports, introduction of the pathogenic mutants R1441C, I2020T and G2019S causes a 3-to 5-fold increase in cell toxicity, whereas the effect of the Y1699C mutant is somewhat milder: only a 2-to 3-fold increase in cell toxicity relative to wt LRRK2. It should be noted that the mutant effect of LRRK2 can be more pronounced in neuronal cells since Liou et al. [1] have reported no differential effects between wt LRRK2 and mutants in HEK293T cells, whereas in SH-SY5Y cells, a 20% reduction in cell viability was observed after overexpression of mutant LRRK2 in comparison with wt LRRK2.
The observed cellular toxicity induced by overexpression of LRRK2 is at least in part dependent on the presence of a functional kinase and/or GTPase domain. Both deletion of the kinase domain [1] or expression of wt and mutant LRRK2 in a kinase-or GTPase-dead background [2] [3] [4] [5] attenuate LRRK2-induced cell toxicity. Moreover, LRRK2 pathogenic mutants that have been shown to reduce cell viability after overexpression are all associated with an alteration in LRRK2 kinase or GTPase activity: the G2019S mutant, and to a lesser extent also the I2020T mutant, increase the kinase activity of the full-length protein [4, 6] , whereas both R1441C and Y1699C mutants are associated with reduced LRRK2 GTPase activity [7] [8] [9] [10] . For these latter mutations, we and others have shown that these lead to an altered organisation of the catalytic core of LRRK2 [10, 11] . The notion that LRRK2-induced cytotoxicity is linked to its kinase activity is supported by a recent report by Lee et al. [5] . The authors show that cytotoxicity induced by overexpression of the G2019S mutant can be significantly attenuated by administration of inhibitors of LRRK2 kinase activity. Although the latter study convincingly supports a causal link between G2019S LRRK2-induced cytotoxicity and increased kinase activity, no absolute causal interdependence between wt LRRK2-induced cellular toxicity and its kinase activity could be confirmed to date [12] . Another pending issue is the exact contribution of the different LRRK2 domains to LRRK2-induced cellular toxicity. One study has shown that overexpression of the isolated kinase domain, the ROC-COR-kinase (RCK) fragment or the RCK-WD40 fragment, each wt, G2019S and R1441C, is sufficient to reduce cell viability comparable to the full-length protein [13] . However, it should be noted that these observations could only be made after application of oxidative stress, which has been shown to dramatically reduce the cell viability of LRRK2-overexpressing cells [4] . In another study, overexpression of the RCK fragment or the ROC domain in yeast cells or neurons caused a drop in viability, whereas a viability drop was less pronounced or even absent in yeast cells and neurons, respectively, overexpressing the isolated kinase domain. Furthermore, the cytotoxic effect of RCK overexpression in yeast was increased in a GTPase-dead background or after introduction of the R1441C mutant, which has consistently been shown to reduce LRRK2 GTPase activity, whereas it could be attenuated by the introduction of artificial GTPase-stimulating mutations (T1343G/R1398Q or R1398L). In neuronal cultures, however, only the augmentation of the cytotoxic effect of the GTPase-dead RCK mutants could be replicated [9] . Hence, the precise contribution of the kinase and GTPase domains/functions to LRRK2-induced cellular toxicity is still incompletely understood.
Finally, it has been shown that deletion of the leucinerich repeat (LRR) or WD40 domains can rescue G2019S and/or R1441C mutant LRRK2-induced cytotoxicity in neuronal cells [14, 15] . However, the underlying cause is not clear and could be related to a disrupted protein conformation, the absence of an important protein-protein interaction domain, as are LRR and WD40 domains, and/or an alteration to the biochemical properties of the truncated protein in comparison with the full-length protein.
Several lines of evidence suggest that LRRK2-induced cytotoxicity is in part mediated by an apoptotic process [14, [16] [17] [18] . Iaccarino et al. [14] Finally, despite all reports on LRRK2-induced cytotoxicity mentioned above, several recent observations, including our own unpublished results, point to secondary effects which might contribute to the observed effects on cell viability caused by overexpression of LRRK2. These factors include the level of LRRK2 overexpression [19] , the cell type used [1] , the nature of the LRRK2 expression construct, including the type and position of an eventual tag [20] (own observations), and the experimental setup (own observations).
Neurite Process Morphology
Overexpression of pathogenic LRRK2 mutants is consistently associated with shorter neurites in both primary neurons and differentiated SH-SY5Y cells [5, 9, 17, [21] [22] [23] . On the other hand, a reduction in LRRK2 expression or LRRK2 protein levels by LRRK2 knockdown and Heat shock protein 90 (Hsp90) inhibitors, respectively, has been found to result in increased neurite length [17, 22, 23] . In primary neurons, the underlying mechanism seems to be mediated in part by LRRK2 kinase activity: overexpression of the K1906M kinase-dead LRRK2 mutant caused an increase in neurite process length both in a wt and G2019S mutant background [17, 23] . Moreover, MacLeod et al. [17] have reported that the isolated kinase domain, both wt and G2019S mutant, is sufficient to induce neurite shortening in primary neurons. Although the precise underlying mechanism of LRRK2-mediated neurite process morphology is not yet clear, several potential mechanisms have been proposed based on experimental observations: impairment of the lysosomal pathway [17] , dysregulation of autophagy [21] , defects in both synaptic vesicle endocytosis and exocytosis [9] , and rearrangement of the actin cytoskeleton by alteration to the phosphorylation of ezrin/ radixin/moesin (ERM) proteins [23] . Very recent evidence also points towards an involvement of the microtubuleassociated protein tau in this process [24] .
LRRK2 Aggregate Formation
Several authors have reported the presence of perinuclear, LRRK2-positive inclusions in cultured cells and primary neurons after transient transfection of LRRK2 mutants and, to a lesser extent, also of LRRK2 wt [3, [17] [18] [19] [25] [26] [27] [28] [29] [30] [31] . In some cases, colocalisation of these inclusion bodies with aggresome markers [3, 26] , phosphorylated tau [17] or autophagy markers [27] has been described. Colocalisation of these LRRK2-positive aggregates with ␣ -synuclein has never been found under basal conditions [17, 25, 26, 32] . However, Qing et al. [32] have reported colocalisation of both proteins after coexpression in HEK293T cells under oxidative stress. Whether LRRK2 aggregate formation is a true (patho)physiological process rather than a consequence of overexpression is not clear to date. On the one hand, LRRK2 has only been found in 10-15% of Lewy bodies (LB) in postmortem analysis of LRRK2 PD patients, whereas LRRK2 aggregates, as described in cell culture, have not been reported in humans so far. On the other hand, two recent studies point towards an important regulatory function of 14-3-3 proteins in the cytoplasmic distribution of LRRK2, which is affected by several disease-causing LRRK2 mutations [30, 31] . In essence, the data support a scenario in which binding of 14-3-3 isoforms is mediated by phosphorylation of LRRK2, most likely by another kinase, at two conserved residues located before the LRR domain (Ser 910 and Ser 935 ). A reduction or abolishment of the phosphorylation of these residues leads to a reduction or abolishment of the interaction between LRRK2 and 14-3-3 isoforms and the formation of cytoplasmic LRRK2 aggregates. Some notable exceptions to the finding that LRRK2 mutants show reduced 14-3-3 binding and form cytoplasmic inclusions are the pathogenic LRRK2 mutants G2019S, I2012T, I1371V and T2356I. Therefore, the relevance of the interaction of LRRK2 with 14-3-3 for PD pathology requires further investigation. Nevertheless, the in-depth study of the interaction of LRRK2 with 14-3-3 might provide important insight into the regulation of LRRK2, as well as potentially point to mutant-specific mechanisms [33] .
In conclusion, transient overexpression of LRRK2 wt and pathogenic mutants in cell culture systems has re-vealed a role for LRRK2 in apoptotic cell death and neurite outgrowth via a potential involvement in autophagy, synaptic vesicle endo-/exocytosis, the lysosomal degradation pathway and the modelling of the actin cytoskeleton. However, caution is warranted in the interpretation of these cell culture experiments since most of these experimental data have been obtained after transient overexpression of high levels of LRRK2. This concern is supported by a recent report by Dächsel et al. [34] , in which the authors show that the LRRK2-related neuritic phenotype is dependent on LRRK2 expression levels: primary neuron cultures derived from bacterial artificial chromosome (BAC) transgenic G2019S or Y1699C mice presented with significantly reduced neuritic outgrowth, whereas neuronal cultures derived from G2019S knockin mice displayed no abnormalities. Nevertheless, the observed neuritic phenotype in neuronal cultures from BAC transgenic mice seemed to be mutant specific [34] . Therefore, differences in expression levels and protein stability may bias the experimental outcome, and may in particular confound the elucidation of the contribution of each pathogenic mutant to a specific alteration in LRRK2 function(s). For example, it has been shown that the I2020T LRRK2 mutant increases LRRK2 kinase activity [4, 6, 35] . However, this mutant has also been found to have a higher intracellular degradation rate in comparison with the wt protein [36] . Therefore, it is not clear whether the increase in kinase activity per se is responsible for the observed drop in cell viability and neurite length or whether protein stability is a more important contributing factor, or even a combination of both. Also, the GTPase-dead K1347A mutant has been described to dramatically destabilise the LRRK2 protein [8] . Therefore, the unravelling of the relationship between LRRK2 biochemical properties and its cellular functions might not be so straightforward.
The Search for LRRK2 Interaction Partners and Substrates
By the identification of LRRK2-interacting proteins and potential kinase substrates of LRRK2, the protein has been implicated in several cellular processes overviewed in table 1 .
LRRK2 and the Chaperone Machinery
LRRK2 interacts with proteins associated with the chaperone machinery, including Hsp90, the Hsp90 cochaperone p50
CDC37 and the C-terminus of Hsp70-interacting protein (CHIP) [6, 20, 22, [37] [38] [39] . The interaction between LRRK2 and Hsp90 has been reported both in vitro in LRRK2-transfected HEK293T cells [6, 20] and in a yeast two-hybrid assay [39] as well as in vivo [22] . This interaction is mediated by both the kinase domain and the N-terminal region of LRRK2. Hsp90 interacts with several protein kinases to assist in their proper folding, including LRRK2 since functional Hsp90 protects LRRK2 against proteasomal degradation [22] . Moreover, Hsp90 inhibitors have been shown to rescue the shortened neurite phenotype in LRRK2 G2019S-expressing neurons, which is most likely related to a reduction of LRRK2 protein levels in these cells [22, 23] . Hsp90 is also a crucial component of the LRRK2-CHIP protein complex. Co-immunoprecipitation and yeast two-hybrid data have indicated that the ROC domain of LRRK2 can bind to the tricopeptide domain of CHIP independent of Hsp90. However, the interaction between the N-terminal part of LRRK2 and CHIP requires functional Hsp90. The E3 ubiquitin ligase CHIP regulates LRRK2 protein levels via proteasomal degradation, mediated by its ubiquitination activity. This functional relation between LRRK2 and CHIP is CHIP-dose dependent but independent of pathogenic LRRK2 mutations or LRRK2 kinase activity [38, 39] . Ko et al. [38] have shown that overexpression of CHIP protects against, and knockdown of CHIP exacerbates, mutant LRRK2-mediated toxicity in both SH-SY5Y cells and primary neurons. However, in this study, knockdown of CHIP in LRRK2 wt-overexpressing cells resulted in a similar drop in viability as was observed in the LRRK2 mutant lines [38] . Therefore, it cannot be stated with certainty that the functional interaction between LRRK2 and Hsp90/CHIP is differentially influenced by LRRK2 pathogenic mutations, and therefore might contribute to pathogenic LRRK2-mediated PD. On the other hand, these findings support the notion that LRRK2 protein levels per se contribute to the observed cellular effects of LRRK2.
LRRK2 and the Cytoskeleton LRRK2 interacts with ␣ / ␤ -tubulin heterodimers and ␤ -tubulin both in vitro and in vivo [6, 40, 41] . The interaction is mediated by the ROC domain of LRRK2 in a nucleotide-independent manner and is not influenced by the R1441C ROC mutation [42] . Gillardon [41] has shown that LRRK2 preferentially phosphorylates ␤ -tubulin. This phosphorylation was enhanced by G2019S LRRK2. The elevated levels of phosphorylated ␤ -tubulin resulted in increased microtubule stability in the presence of microtubule-associated proteins in an in vitro assay. There- L RRK2 is linked to the displayed pathways via interaction (I) with, phosphorylation (P) of or genetic interaction (GI) with the specific component of the pathway displayed in the second column. CHIP = C-terminus of HSP70-interacting protein; Co-IP = co-immunoprecipitation; DVL = dishevelled family of proteins; EF1A = elongation factor 1␣; FL = full length; GS = G2019S; GSK3␤ = glycogen synthase kinase 3␤; IT = I2012T; JIP = c-Jun N-terminal kinase-interacting protein; KD = kinase dead; kin = kinase domain; MAPK = mitogen-activated protein kinase; MKK = mitogen-activated protein kinase kinase; NA = not assessed; QUICK = quantitative immunoprecipitation combined with knockdown; RC/G/H = R1441C/G/H; RIP1 = receptor-interacting protein 1; Sgg = glycogen synthase kinase 3␤ homolog Shaggy; TRADD = tumor necrosis factor receptor type 1-associated death domain protein; YC = Y1699C; YTH = yeast two-hybrid assay; 4E-BP = 4E-binding protein; -= no difference in I/P/ GI compared to wt; d = increase in I/P/GI compared to wt; f = decrease in I/P/GI compared to wt.
On the Road to LRRK2 Signalling fore, it has been suggested that G2019S LRRK2-mediated neurite shortening in cultured cells and neurodegeneration in parkinsonian brains may be partly mediated by increased ␤ -tubulin phosphorylation and constraining of microtubule dynamics [41] . In addition, a possible function of LRRK2 in the regulation of cytoskeleton dynamics has been proposed very recently, based on the interaction between LRRK2 and several actin isoforms as well as actin-associated proteins [43] .
That LRRK2 might have a function in regulating microtubule dynamics is supported by the presence of phospho-tau-positive inclusion bodies in the brains of LRRK2 patients since tau is known as a microtubule-binding protein [44] . In addition, mislocalisation and altered phosphorylation of tau in LRRK2 G2019S cell culture and in vivo models has been reported [24, 41, 45] . Similar observations were made by MacLeod et al. [17] after viral vector-mediated delivery of the kinase domain of LRRK2 in the substantia nigra of mice with enhanced effects for the G2019S mutant. However, several independent studies have reported that tau is not a direct substrate of LRRK2 [17, 24, 41, 46] . Therefore, it has been suggested that LRRK2 may have an indirect effect on the phosphorylation of tau, thereby contributing to the regulation of microtubule dynamics. This hypothesis has been supported very recently by the identification of the Drosophila glycogen synthase kinase 3 ␤ homologue Shaggy as a linking kinase between LRRK2 G2019S-enhanced kinase activity and tau phosphorylation [24] .
Another link between LRRK2 and microtubule polymerisation is provided by the interaction between LRRK2 and elongation factor 1 ␣ (EF1A) [47] . Besides its canonical role in mRNA translation, EF1A is involved in maintaining the stability of the microtubule cytoskeleton. The latter function has been shown to be impaired by LRRK2 in an in vitro microtubule polymerisation assay [47] . However, since this effect was similar for both wt and G2019S LRRK2, the functional interaction between LRRK2 and EF1A is unlikely to be related to G2019S LRRK2-linked PD.
Moesin is a member of the ERM family of proteins that plays a role in the anchoring of the actin cytoskeleton to the plasma membrane and the regulation of membrane structure and organisation [48] . Moesin was picked up as a LRRK2 substrate in a KESTREL (kinase substrate tracking and elucidation) screen performed on rat brain [49] . Further in vitro experiments demonstrated that moesin is phosphorylated by G2019S LRRK2 at Thr 558 , which fulfils a regulatory role in the binding of moesin to actin. The regulation of moesin phosphorylation by LRRK2 has recently been supported by observations in primary neurons derived from inducible LRRK2 transgenic mice [23] . In this study, the reduction in neurite number and neurite length observed in G2019S LRRK2-overexpressing neurons could be linked to an increased phosphorylation status of ERM proteins in the neuronal filopodia and an increase in actin polymerisation. On the other hand, deletion of LRRK2, which lowered the phospho-ERM and F-actin contents, promoted neurite outgrowth. However, no difference in phospho-ERM levels could be observed between LRRK2 wt-overexpressing neurons and neurons from non-transgenic mice despite an 8-to 16-fold difference in LRRK2 expression level. Therefore, the above observations are consistent with a gain-of-function mechanism of the G2019S mutant and support a model in which G2019S LRRK2 perturbs neuronal morphogenesis by altering the homeostasis of phosphorylated ERM proteins and F-actin in sprouting neurites.
Finally, LRRK2 has been linked to the cytoskeleton via its interaction with the dishevelled family of proteins (DVL1/2/3) [29] . The latter are key regulators of Wnt signalling pathways important for axon guidance, synapse formation and neuronal maintenance. Moreover, knockdown of LRRK2 in SH-SY5Y cells resulted in the upregulation of several genes involved in canonical Wnt signalling pathways [50] . The interaction between LRRK2 and DVL1 is mediated by the ROC-COR tandem and is almost completely abolished by introduction of the Y1699C mutant, whereas the R1441C/G/H substitutions strengthen the interaction [29] . The study has also shown a functional link between LRRK2 and DVL1 in microtubule stabilisation. However, whether LRRK2 Y1699C and R1441C/G/H mutants differentially affect microtubule stabilisation or another Wnt signalling step still awaits further study. Nevertheless, the differential effects of the ROC and COR pathogenic mutants on the interaction with DVL1 might be supportive of a differential (pathogenic) effect of these mutants on Wnt signalling.
LRRK2 and the Protein Translation Machinery
4E-binding protein (4E-BP) represses protein translation by binding to the eukaryotic initiation factor 4E. Upon different intrinsic and extrinsic stress stimuli, 4E-BP can dissociate from the complex after hyperphosphorylation, enabling a rapid change in protein translation. 4E-BP has been screened as an LRRK2 substrate based on a genetic interaction observed between LRRK2 (dLRRK) and the 4E-BP pathway in Drosophila melanogaster [51] . Subsequent in vitro and in vivo experiments showed phosphorylation of 4E-BP in an LRRK2 kinasedependent manner. The functional link between 4E-BP and dLRRK is further supported by the rescue of mutant dLRRK phenotype by overexpression of 4E-BP in Drosophila [51] and the suppression of PTEN-induced putative kinase 1 (PINK1) and parkin mutant phenotypes in dLRRK knockout (KO) flies via the activation of 4E-BP [52] . Nevertheless, 4E-BP is only a poor direct substrate of LRRK2 in comparison with LRRK2 autophosphorylation or 4E-BP phosphorylation by other kinases [53] . Therefore, the functional relevance of the phosphorylation of 4E-BP by LRRK2 in mammalian organisms in vivo still awaits further experimental evidence.
LRRK2 and Synaptic Vesicle Endocytosis
Shin et al. [19] have reported an interaction of LRRK2 with Rab5b, a key regulator of endocytotic vesicular transport. This interaction was mediated by the LRR domain of LRRK2 and was not altered by the pathogenic R1441C and G2019S mutants. The authors observed a decrease in synaptic vesicle endocytosis in neurons after knockdown or overexpression of wt LRRK2 or the pathogenic mutants R1441C and G2019S. The latter effect could be rescued by overexpression of functionally active Rab5b. Therefore, it has been postulated that LRRK2 regulates synaptic vesicle endocytosis by interaction with Rab5b. This is supported by the vesicular trafficking defects observed in mouse primary cortical neurons overexpressing wt LRRK2 [9] .
LRRK2 and the Mitogen-Activated Protein Kinase Signalling Cascades
The kinase domain of LRRK2 shares homology with receptor-interacting protein kinases and mixed-lineage kinases. Both of these kinase families participate in signalling events in response to cellular stress caused by various stimuli. In analogy to receptor-interacting protein kinase 1, evidence suggests that LRRK2 is involved in the transduction of death signals by interaction with FADD [16] . Several lines of evidence also hint at an involvement of LRRK2 in stress-induced signalling events, possibly by an interaction with mitogen-activated protein kinase (MAPK) signalling cascades, despite the fact that LRRK2 does not display the characteristic function of an MAPKactivating protein in vivo [4, 54] .
The c-Jun N-terminal kinase (JNK) and p38 MAPK signalling cascades are activated by several MAPK kinase kinases, including mixed-lineage kinase 3, via the phosphorylation of mitogen-activated protein kinase kinase (MKK)4/7 and MKK3/6, respectively. In analogy, LRRK2 has been shown to bind MKK3, 6 and 7 and to phosphorylate MKK3, 4, 6 and 7 [54, 55] . Furthermore, LRRK2 has also been shown to interact with the JNKinteracting proteins (JIP)1-3 and JIP4, which are scaffolding proteins that bring together MKK with MAPK involved in the JNK and p38 signalling cascades, respectively [56] . Moreover, the interaction between LRRK2 and MKK6 may have several functional implications for both proteins. First, coexpression not only increased steady-state levels of both proteins, but also increased MKK6 membrane association. Second, MKK6 and p38 are necessary for LRRK2-mediated protection against mitochondrial stress in Caenorhabditis elegans. Therefore, it can be speculated that LRRK2 functions as a scaffolding protein in a complex together with JIP and MKK to regulate p38/JNK signalling. However, whether this potential function of LRRK2 is related to PD is still unclear: LRRK2 G2019S, I2020T and R1441C mutants have been shown to increase LRRK2-MKK6 and LRRK2-JIP4 binding, whereas the Y1699C mutation did not [54, 56] .
Experimental evidence also points towards a potential involvement of LRRK2 in the extracellular signalregulated kinase (ERK)1/2 MAPK pathway. The ERK inhibitor U0126 can rescue LRRK2 G2019S-induced neurite shortening in differentiated SH-SY5Y cells [21] . Heo et al. [13] reported that the same inhibitor can rescue LRRK2 G2019S-induced cytotoxicity in SN4741 cells under H 2 O 2 stress. Finally, Liou et al. [1] have found that LRRK2 can protect against oxidative stress by phosphorylation of ERK. Moreover, this effect was abolished in LRRK2 kinase deletion forms and the Y1699C pathogenic mutant.
LRRK2 and Other PD-Linked Proteins
Despite an initial report that LRRK2 can interact with parkin [25] , this finding could not be replicated [57] . Therefore, it has been suggested that a possible interaction between LRRK2 and parkin might be indirect via CHIP, which has been shown to interact with both proteins [38, 39, 58] . Nevertheless, a functional link between LRRK2 and parkin is provided in the study by Ng et al. [59] , in which G2019S LRRK2-induced neurodegeneration in a Drosophila model could be rescued by overexpression of parkin. Moreover, an extensive genetic linkage study in Drosophila has revealed a complex genetic interaction not only between LRRK2 and parkin, but also between LRRK2 and the other PD-linked genes DJ-1 and PINK1 [60] . The link between LRRK2 and PINK1 has been suggested to be antagonistic based on a genetic in-teraction study between lrk1 and PINK1 in C. elegans [61] . Supportive evidence for a functional interaction between LRRK2 and DJ-1 comes from the observation that DJ-1 can rescue G2019S LRRK2-induced cell death in a mouse dopaminergic cell line under oxidative stress [13] . However, whether these results are representative of specific functional interactions between LRRK2 and parkin, PINK and DJ-1, or whether they are related to general neuroprotective effects assigned to parkin, PINK1 and DJ-1 is not clear to date.
Since LB have been found in the brains of most LRRK2 PD patients, it has been questioned whether there is a physical and/or functional interaction between LRRK2 and ␣ -synuclein. Although a small percentage of LB contains LRRK2, both proteins do not interact physically under basal conditions [26, 62] , although under oxidative stress, colocalisation, coimmunoprecipitation and upregulation of the protein levels of both LRRK2 and ␣ -synuclein were observed in HEK293T cells [62] . LRRK2 has been reported to phosphorylate ␣ -synuclein using crude cell extract as the source of kinase [32] ; however, purified LRRK2 does not phosphorylate ␣ -synuclein [35, 46] . Finally, no ␣ -synuclein aggregates have been found in brains of the transgenic LRRK2 animal models, although ␣ -synuclein inclusions were recently reported in the kidneys of LRRK2 KO mice [63] and in the brains of inducible LRRK2/ ␣ -synuclein A53T double-transgenic mice [64] (see below). These results point to a potential loose functional interaction between LRRK2 and ␣ -synuclein, whereby LRRK2 can act in certain conditions as an upstream modulator of ␣ -synuclein pathology.
LRRK2 in vivo Models

C. Elegans Models
In contrast to mammals, which possess two LRRK proteins (LRRK1 and LRRK2), the nematode C. elegans contains only one LRRK2 homologue, namely lrk1 (GenBank accession No. WBGene00003068). The lrk1 protein shares 25/44% (exact/positive matches) homology to LRRK2 over a region of approximately 1,300 amino acids including an LRR-ROC-COR-kin-WD40 sequence. An overview of LRRK-related C. elegans models is given in table 2 .
lrk1 deletion worms display mislocalisation of synaptic vesicles in neurons accompanied by mild chemotactic defects [65] , but they are identical to non-transgenics in other characteristics such as viability, mitochondrial integrity and axon guidance under basal conditions [61, 66] . However, lrk1 deletion or knockdown worms are highly sensitised to both endoplasmic reticulum stress and rotenone stress [54, 61, 66, 67] . This phenotype could be rescued by overexpression of wt LRRK2 [66] . Moreover, bare overexpression of LRRK2 increased the survival rate and protected dopaminergic neurons under rotenone stress. This protective effect was more pronounced after overexpression of wt LRRK2; however, also LRRK2 G2019S, R1441C and kinase-dead mutants provided increased protection compared with non-transgenic worms [66, 67] . Despite the protective effect of LRRK2 overexpression under rotenone stress, tests under basal conditions showed detrimental effects on C. elegans dopaminergic neuron survival. Age-dependent dopaminergic cell loss was seen after overexpression of wt LRRK2, which was exacerbated [66, 67] basal conditions: age-dependent DN loss: G2019S, R1441C > wt [66, 68] attenuated in lrk1-/-; K1347A = Ntg [68] dopaminergic-specific behavioural dysfunction; K1347A = Ntg; G2019S, R1441C > wt; attenuated in lrk1-/- [68] lrk1 overexpression early larval arrest; wt and G1876S (ϳG2019S) [61] D N = Dopaminergic neuron; ER = endoplasmic reticulum; KD = kinase dead; Ntg = non-transgenic.
Daniëls/Baekelandt/Taymans Neurosignals 2011; 19:1-15 in the G2019S and R1441C mutants [66, 68] . In the study by Yao et al. [68] , this neurodegeneration was reflected in dopaminergic-specific behavioural dysfunction that could be rescued by exogenous dopamine. Moreover, this parkinsonian phenotype was attenuated in an lrk1 KO background, and was even completely absent in LRRK2 GTP-binding-deficient K1347A transgenic worms [68] . Finally, one study has reported embryonic lethality of C. elegans overexpressing wt lrk1 and G1876S lrk1, corresponding to the G2019S mutation in LRRK2 [61] . Therefore, overexpression of lrk1 in C. elegans seems to be more detrimental than overexpression of LRRK2. This may be explained by differences in expression levels or worm strains but could also indicate inherent differences in the functioning of these protein homologues in C. elegans. Therefore, further research is required to better understand lrk1 function in C. elegans and how this relates to the function of human LRRK2.
Drosophila Models
The fruit fly, D. melanogaster, also contains one LRRK2 homologue, namely dLRRK (GenBank accession No. DQ494533). The dLRRK protein contains an LRR, ROC, COR and kinase domain, and is 24% identical and 38% similar to LRRK2. An overview of all LRRK2 and dLRRK Drosophila models is given in table 3 .
To date, three different studies have been conducted on the effect of dLRRK deletion in Drosophila. One has reported that dLRRK2 deletion leads to impaired locomotor activity and a reduction in tyrosine hydroxylase immunoreactivity [69] , whereas the other two have found no abnormalities in development or the number of dopaminergic neurons in these flies [51, 70] . The latter two studies differ in the response of dLRRK deletion flies to oxidative stress: Wang et al. [70] have reported an enhanced sensitivity to H 2 O 2 stress while Imai et al. [51] have observed a reduction in sensitivity to general oxidative stress accompanied by reduced oxidative damage. Overexpression of wt dLRRK causes an increase in both oxidative stress sensitivity and oxidative damage without displaying any other gross abnormalities [51, 69] . Lee et al. [69] have reported no abnormalities in flies overexpressing the dLRRK mutant that corresponds to R1441C. On the other hand, the overexpression of both Y1699C-and I2020T-corresponding dLRRK mutants caused a reduction in the number of dopaminergic neurons and the dopamine content, and led to an increase in oxidative stress sensitivity and oxidative damage, whereas overexpression of a triple kinase-dead dLRRK mutant was indistinguishable from control flies [51] . Finally, two studies have assessed the effects of overexpression of human LRRK2 in Drosophila. These studies show that overexpression of G2019S LRRK2 causes age-dependent degeneration of dopaminergic neurons, locomotor problems and a reduced life span in these flies. However, both studies differ in the severity of the defects observed: Liu et al. LRRK2 overexpression retinal degradation, DN number f, lifespan f, locomotive problems; G2019S > wt [71] G2019S, Y1699C, G2385R: DN number f, lifespan f, locomotive problems (G2019S and Y1699C), dopamine content f (G2019S), increased rotenone sensitivity (G2019S and G2385R); wt = Ntg [59] dLRRK wt, ϳR1441C, KD: normal DN number, development and behaviour [45, 69] [45] D N = Dopaminergic neuron; KD = kinase dead; Ntg = non-transgenic; TH = tyrosine hydroxylase.
On the Road to LRRK2 Signalling Neurosignals 2011;19:1-15 11 [71] reported a more severe phenotype that was also observed to a lesser extent in the flies overexpressing wt LRRK, whereas Ng et al. [59] did not observe any abnormalities in the wt LRRK2 flies. The latter also reported an identical phenotype in Y1699C LRRK2 flies as in the G2019S flies.
In conclusion, these data show that overexpression of both mutant dLRRK and LRRK2 in Drosophila causes mild-to-severe dopaminergic neuron loss and dopaminergic defects. The severity of these defects shows variability from study to study, which might be explained by the use of different fly lines and expression systems (promoter, transgene). Finally, it seems that dLRRK and overexpressed LRRK2 also affect the regulation of the cellular stress response, although the underlying mechanism is unclear.
Transgenic Mice
The LRRK2 protein expressed in mice (mLRRK2) shares 86% homology to the human protein (GenBank accession No. NM_025730.3). Several transgenic mouse lines have been created to study the physiological function of LRRK2 and its relation to PD ( table 4 ) . mLRRK2 seems to play little if any role in development and the survival of (dopaminergic) neurons since LRRK2 KO mice develop normally and display no abnormalities in their dopaminergic system [63, 64, 72] . In addition, LRRK2 KO mice are equally sensitive to the mitochondrial toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [72] . However, recently, Tong et al. [63] have reported gross age-dependent kidney abnormalities in mLRRK2 KO mice. The kidneys of these mice developed huge accumulation and aggregation of ␣ -synuclein and C aMKII = Calcium/calmodulin-dependent protein kinase II-␣; DN = dopaminergic neurons; KDD = kinase domain deletion; mnd = month; MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Ntg = non-transgenic; SN = substantia nigra; UPS = ubiquitin proteasome system. ubiquitinated proteins accompanied by a severe dysfunction of the autophagy-lysosomal machinery. The kidneys also displayed massive apoptotic cell death, oxidative damage and inflammatory response. These observations point towards an important function of mLRRK2 in the regulation of protein homeostasis during aging, at least in the kidneys [63] . Mice overexpressing human or mouse wt LRRK2, G2019S LRRK2 or Y1699C LRRK2 by means of BAC expression or inducible overexpression develop completely normally and do not display obvious brain abnormalities in most cases [64, [73] [74] [75] . However, the BAC wt and G2019S hLRRK2 mice characterised by Melrose et al. [45] presented with decreased striatal dopamine levels and tau alterations which were much more pronounced in case of the G2019S mice. The latter also displayed abnormalities in exploratory behaviours indicative of anxiety [45] . These observations do not completely conform with the study by Li et al. [73] , which has reported elevated striatal dopamine release and enhanced performance in motor function tests of BAC transgenic wt mLRRK2 mice, whereas this phenotype was eliminated in the BAC G2019S mLRRK2 mice [73] . On the other hand, inducible overexpression of G2019S hLRRK2 in the mouse forebrain results in increased motor activity at 12 months of age, whereas the wt hLRRK2 mice do not display changes in motor behaviour [64] . BAC R1441G hLRRK2 mice develop a strong parkinsonian phenotype including age-dependent and levodopa-responsive slowness of movement associated with axonal pathology of nigrostriatal dopaminergic projections, although without loss of dopaminergic neurons [75] . Functional disturbance of the dopaminergic system is also evident in transgenic R1441C knockin mice, which display impairment of stimulated dopamine neurotransmission and D 2 receptor function [76] .
Although some of the LRRK2 transgenic mouse models developed to date recapitulate several cardinal locomotor and functional dopaminergic features of PD, the two most important hallmarks of PD, namely age-dependent loss of dopaminergic neurons in the substantia nigra and deposition of ␣ -synuclein inclusion bodies, have not been observed. However, characterisation of double-transgenic mice, overexpressing both LRRK2 (wt, G2019S or kinase domain deleted) and ␣ -synuclein A53T in the forebrain regions, reveals that LRRK2 (wt, G2019S and kinase domain deleted) can enhance the progression of ␣ -synuclein-induced pathology including neuronal degeneration and abnormal somatic accumulation of ␣ -synuclein [64] . Mechanistically, the authors point towards LRRK2-induced dysfunction of endoplasmic reticulum-Golgi-mediated protein/vesicle trafficking as a potential culprit in ␣ -synuclein-induced pathogenesis. Nevertheless, it is not clear whether LRRK2 directly induces the aggregation of ␣ -synuclein or rather interferes with the clearance of ␣ -synuclein by impairment of the proteasomal/lysosomal degradation pathways. The latter idea is supported by the fact that the severity of the phenotype is strongly correlated with the LRRK2 transgene expression level, whereas it seems independent of LRRK2 kinase activity. It is at least remarkable that genetic ablation of LRRK2 delayed ␣ -synuclein neuropathology in ␣ -synuclein A53T transgenic mice, whereas on the other hand, ␣ -synuclein accumulation and aggregation was highly increased in the kidneys of LRRK2 KO mice by impairment of the protein degradation pathways in the kidneys [63] . This fuels the idea that the interplay between LRRK2 and ␣ -synuclein is rather indirect, possibly via an alteration in protein degradation pathways, and may be strongly dependent on the cellular environment.
In conclusion, these observations in transgenic mice suggest that LRRK2 is not a critical determinant of the development and survival of (dopaminergic) neurons, but might rather be involved in the regulation of specific dopaminergic functions. Whether LRRK2 is important in the regulation of the stress response in mice is not evident from the current reports. However, LRRK2 seems to be involved in the autophagic-lysosomal system, at least in the kidney, and is associated with increased Golgi fragmentation and ubiquitin proteasome system dysfunction in the presence of ␣ -synuclein.
Outlook
Since the linkage of LRRK2 to the PARK8 locus in 2004, intensive research efforts have been focused on the understanding of the physiological function of the protein and its relation to PD. The study of LRRK2 cell culture models, interaction partners, kinase substrates and animal models has led to the implication of LRRK2 in several major cell signalling pathways including apoptosis, the regulation of cytoskeleton dynamics, protein translation, MAPK signalling and the regulation of specific dopaminergic functions. However, whether and how these potential LRRK2 functions are related to LRRK2 pathogenicity in LRRK2 PD is still elusive to date. In order to deal with these pending questions, several important challenges still need to be addressed, including the validation of LRRK2 interaction partners and substrates as true in vivo determinants of LRRK2 functioning in health and disease. Also the elucidation of the link between LRRK2 biochemical and (patho) physiological functions, together with the elucidation of a three-dimensional crystal structure of LRRK2, will be crucial in order to pursue rational LRRK2 drug discovery/design. In addition, generation of more robust LRRK2 cell culture and animal models will greatly aid the in vivo validation of research hypotheses and the assessment of LRRK2 in a multifactorial context, including potentially modifying environmental and/or genetic factors, in PD.
